Objective: Klinefelter syndrome (KS) is a chromosomal alteration characterized by increased risk of metabolic syndrome, mainly caused by visceral obesity. In the last years, obesity has been studied as a potential risk factor for prostate disease and recently a link has been demonstrated between visceral adiposity with prostate volume. The aim of this study was to analyze the relationship between obesity and prostate volume and growth during testosterone therapy in KS subjects. Design and methods: We evaluated reproductive hormones, metabolic parameters, anthropometric measures, PSA, and prostate volume in 121 naïve non-mosaic KS patients and 60 age-matched healthy male controls. Fifty-six KS hypogonadic subjects were treated with testosterone-gel 2% and reevaluated after 18 months of treatment. Results: Prostate volume in KS was positively related to waist circumference (WC). The KS group with WC R94 cm had significantly higher prostate volume, BMI, insulin plasma levels, homeostasis model assessment index, total cholesterol, triglycerides, and glycemia with respect to the KS group with WC !94 cm. After testosterone replacement therapy, only hypogonadic KS men with WC R94 cm had a statistically significant increase in prostate volume. Furthermore, in untreated KS subjects, prostate volume showed a statistically significant increase after 18 months of follow-up only in subjects with WC R94 cm. Conclusions: This study showed that visceral obesity, insulin resistance, and lipid and glucose metabolism alterations are associated with prostate volume and growth during testosterone replacement therapy in KS, independently from androgen or estrogen levels. These latter findings might provide the basis for a better management and follow-up of KS subjects.
Introduction
Klinefelter syndrome (KS) is the most common sex chromosomal disorder, with a prevalence of 1:600 males and it is a frequent form of male hypogonadism and infertility (1) . KS is characterized by the presence of one or more extra X chromosomes; about 80% of cases have 47,XXY karyotype, the remaining 20% have higher grade chromosome aneuploidies (48,XXXY; 48,XXYY; and 49,XXXXY), mosaicisms (46,XY/47,XXY), or structurally abnormal X chromosomes (1) . The chromosome aberration arises by maternal or paternal non-disjunction during meiotic division in germ cell development or rarely in early embryonic mitotic cell divisions (1) .
The clinical features of KS commonly include hypergonadotropic hypogonadism, gynecomastia, small testes, and azoospermia (2) , but this syndrome might also be associated with an increased risk of systemic diseases including malignancies, osteoporosis (3), venous thromboembolism (4), diabetes, obesity, insulin resistance, metabolic syndrome, and cardiovascular diseases (5, 6, 7, 8) .
In the last years, obesity has been studied as a potential risk factor for prostate disease. Various studies consistently showed that increased adiposity is positively associated with prostate enlargement and increased risk of benign prostatic hyperplasia (BPH) (9) . Of almost 26 000 male participants in the Health Professionals Follow-up Study, those with an obese waist circumference (WC) (O109 cm) were 38% more likely to undergo BPH surgery than those with a nonobese WC (!89 cm) (10) , and data from the Prostate Cancer Prevention Trial (PCPT) indicated a 10% increased risk for total and severe BPH for every 5 cm increase in waist:hip ratio (11) . Furthermore, a link has been demonstrated between insulin resistance and visceral adiposity with prostate volume markers among apparently healthy men and several reports have demonstrated a strong association between high insulin and leptin levels with BPH (12, 13) .
No study examined the relationship between obesity and prostate volume and growth during testosterone replacement therapy in KS. This is particularly intriguing because KS patients are often affected by hypergonadotropic hypogonadism requiring lifelong substitution therapy. Although no study has documented any direct evidence that testosterone therapy increases incident prostate cancer risk (14, 15) , it is still difficult to argue that androgen replacement is completely safe and careful monitoring for prostate diseases is considered good practice during testosterone replacement therapy (16) . The role of testosterone therapy in prostate growth in KS has been evaluated in a relatively small cohort group (17) , and its association with metabolic parameters and obesity has never been examined.
Subjects and methods

Patients and clinical analysis
We studied, in a prospective study, 121 non-mosaic KS patients (mean age 31.5G8.7 years; range 15-44 years), diagnosed at the Centre for Human Reproduction Pathology at the University of Padova from January 2007 to July 2010 after referral for fertility problems or testicular hypotrophy and 60 age-matched healthy (good general condition) and fertile (who recently fathered) male controls (mean age 30.9G8.4 years; range 19-45 years), recruited through an andrological screening program. All subjects (patients and controls) underwent peripheral karyotype analysis, evaluating at least 50 peripheral blood lymphocyte metaphases, and had never received testosterone substitution at the time of evaluation.
Patients with more than one supernumerary X chromosome, mosaicisms, or with any endocrine dysfunction different from hypogonadism and subjects assuming any drug were excluded from the study. The study has been approved by the Hospital Ethics Committee and each participant gave his written informed consent.
Subject evaluation included complete medical history (pubertal history, lifestyle, physical activity, smoking, and alcohol misuse), physical examination (weight, height, BMI, WC, arm span, and blood pressure), reproductive hormone (LH, FSH, total testosterone, estradiol (E 2 )) levels, lipid and glucose metabolism (total cholesterol, HDL, triglycerides, and fasting glucose), hemochrome, serum insulin, and PSA. Homeostasis model assessment for insulin resistance (HOMA-IR) was calculated as fasting insulin (mIU/ml)! fasting glucose (mmol/l)/22.5. According to the 2005 International Diabetes Federation (IDF) definition, central obesity was defined as WC R94 cm (18) . Blood pressure was measured under fasting conditions, between 0800 and 1000 h, avoiding cigarette smoking for a minimum of 12 h.
The AR function and sensitivity was studied through the evaluation of the CAG repeat length and inactivating status. The AR gene is located on the X chromosome, and therefore in KS, it is present in double copy. The inactivation rate of the two X chromosomes, and the effective CAG repeat value in heterozygous KS men, was calculated as an X-weighted biallelic mean (19) . This analysis was based on methylation-specific PCR at the human AR locus, with primers spanning the (CAG)n polymorphism region, as described previously (20) .
Of 121 patients, 63 had hypogonadism (total testosterone !10.4 nmol/l) (21) and were treated with T-gel 2% (Tostrex, ProStrakan, Galashiels, UK), dose adapted to maintain plasma testosterone levels between 12 and 18 nmol/l. Fifty-six patients completed the treatment protocol and were reevaluated after 18 months by means of total testosterone, E 2 , LH, FSH, and PSA levels; metabolic parameters; hemochrome; and prostate volume by ultrasound (see below). Untreated KS subjects were reevaluated for prostate volume after 18 months of follow-up. These subjects were untreated because the testosterone level was O10.4 nmol/l.
Hormone assays
Blood was collected in the fasting state between 0800 and 1000 h. Serum FSH, LH, total testosterone, and E 2 were evaluated by commercial electrochemiluminescence immunoassay methods (Elecsys 2010, Roche Diagnostics). For all parameters, the intra-and interassay coefficients of variation (CV) were !8 and 10% respectively.
Prostate ultrasound
Prostate transrectal analysis was performed by the same experienced operator (N Caretta), blinded to patient clinical status, with a high-resolution Echo-ColorDoppler (iU22 Philips, Eindhoven, The Netherlands) equipped with a 9-5 MHz Broadband Curved Array Transducer. Prostate volume was calculated using the standard ellipsoid formula (width!height!length! p/6, CV) (22) . Intra-observer variability was estimated to be !10%.
Statistical analysis
Relationships between continuous variables were assessed using the test for linear correlation. Differences in variables between KS patients and controls and KS patients on the basis of WC R94 or !94 cm were evaluated by unpaired two-sided Student's t-test after acceptance of normality and Bonferroni's correction for multiple comparisons. Differences in prevalence between groups were analyzed by c 2 test. Differences in variables between baseline and after testosterone therapy in patients affected by hypogonadism were evaluated by paired two-sided Student's t-test. The significance level was set to P!0.05. Variables are given as meanGS.D. of the mean. Table 1 reports clinical, metabolic, and hormonal parameters, and anthropometric measures in KS patients and controls. KS patients had significantly higher weight, WC, BMI, gonadotropins, E 2 , insulin, and HOMA-IR and significantly reduced total testosterone levels and prostate volume with respect to controls.
Results
After adjusting for age and testosterone plasma levels, prostate volume was positively associated with WC in KS group (adj. rZ0.20; P!0.05). On the contrary, no correlation was found between prostate volume and testosterone and E 2 plasma levels, E 2 :testosterone or LH:testosterone ratio, and weighted CAG repeats and metabolic parameters (data not shown) except for total cholesterol (RZ0.21; P!0.05).
Furthermore, analysis of subgroups of KS patients with reduced testosterone plasma levels (!10.4 nmol/l) with respect to the subgroup with normal testosterone plasma levels (R10.4 nmol/l) showed no significant difference in prostate volume (17.9G8.4 vs 16.0G 5.0 ml respectively). Seventy-two (59.5%) KS patients had WC R94 cm and 49 (41.5%) had WC !94 cm. Table 2 shows clinical, metabolic, and hormonal parameters and anthropometric measures in these two groups. Subjects with WC R94 cm had higher prostate volume with respect to those with WC !94 cm (18.3G8.0 vs 14.9G4.3 ml). Furthermore, subjects with WC R94 cm had higher BMI, insulin plasma levels, HOMA index, total cholesterol, triglycerides, and glycemia with respect to those with WC !94 cm. As expected, the group with WC R94 cm had lower testosterone plasma levels and testosterone:E 2 ratio with respect to that with WC !94 cm. No difference was noted in mean weighted CAG length and PSA levels between the two groups. As expected, the prevalence of hypogonadic subjects (testosterone !10.4 nmol/l) was higher among subjects with WC R94 cm (43/72, 59.7%) with respect to those with WC !94 (20/49, 40.8%) (P!0.05). Fifty-six hypogonadic subjects (38 with WC R94 cm and 18 with WC !94 cm) were reevaluated after an 18-month period of testosterone replacement therapy (Table 3) . In all subjects, as expected, there was a significant increase in total testosterone, E 2 , hematocrit, and hemoglobin and a decrease in LH and FSH. Prostate volume and PSA increased only in subjects with WC R94 cm (18.2G7.3 ml at baseline vs 26.9G8.1 ml after therapy; 0.55G0.21 mg/l at baseline vs 0.79G0.22 mg/l; P!0.0001). The two groups (WC !94 and R94 cm) were similar for age (28.5G10.1 vs 30.7G9.2) and weighted CAG repeat length (22.15G2.30 vs 22.11G3.48).
Prostate volume, after testosterone replacement therapy, was significantly higher in subjects with WC R94 cm compared with controls (26.9G8.1 vs 21.0G 5.4 ml; P!0.0001). Furthermore, prostate volume in KS untreated subjects, after 18 months of follow-up, showed a statistically significant increase only in subjects with WC R94 cm (18.0G5.2 vs 22.0G 5.0 ml; P!005; nZ29) with respect to those with WC !94 cm (15.1G4.4 vs 15.8G5.1 ml; nZ29). The increase in prostate volume in untreated vs treated KS subjects (4.0G2.5 vs 8.7G3.0 ml) was statistically significant (P!0.001).
Thirty-four (28.1%) KS subjects were affected by metabolic syndrome. Table 4 shows data of metabolic parameters in hypogonadic KS subjects' baseline and after testosterone replacement therapy.
Discussion
The aim of this study was to analyze a possible relationship between obesity and prostate volume in subjects affected by KS. Obesity, as measured by BMI, and more importantly visceral obesity, as measured by WC, is the principal component of metabolic syndrome (18) , and it is well known that patients with KS have higher risk of metabolic syndrome and insulin resistance. Bojesen et al., in a study of 71 KS subjects, showed that almost half of the patients fulfilled the National Cholesterol Education Program (NCEP) Adult Treatment Panel III criteria for the metabolic syndrome. More precisely, in KS subjects, WC and plasma lipids were significantly increased and HDL cholesterol was decreased. Furthermore, KS subjects had higher fasting plasma insulin levels and calculation of insulin sensitivity showed a significant decrease in insulin sensitivity (7) . Such figures have been confirmed by Ishikawa et al., who found a prevalence of 34% in 60 patients with KS. Again, KS subjects had increased LDL cholesterol and WC and decreased HDL compared with other men with azoospermia (8) . The rationale for this study has been suggested by many studies describing an association between insulin resistance, hyperinsulinemia, elevated fasting glucose level, central obesity, and dyslipidemia, with higher risk of prostate diseases (13, 23) .
We found a positive relationship between prostate volume and WC in Klinefelter subjects, confirming previous studies in other populations (12, 13) . Furthermore, subjects with WC R94 cm had significantly higher prostate volume with respect to those with WC !94 cm. As expected, subjects with WC R94 cm had significantly higher BMI, insulin plasma levels, HOMA index, total cholesterol, triglycerides, and glycemia with respect to those with WC !94 cm, and they were more frequently hypogonadic. Interestingly, no relationship was found between prostate volume and hormonal levels and AR CAG length, and also dividing KS subjects on the basis of testosterone plasma levels (!10.4 or R10.4 nmol/l), we found no statistical differences in prostate volume between the two considered groups. These findings support the hypothesis that obesity, insulin resistance, and glucose or lipid metabolism might be important for prostate size as well as androgens and/or estrogens (13, 22) .
Other authors (24, 25, 26) , also in a population of young patients, have demonstrated that prostate volume was significantly associated with dyslipidemia (HDL and triglycerides). The authors have clearly indicated that prostate chronic inflammation has a primary role in triggering prostatic cells' overgrowth and that the exposure to dietary factors and metabolic variations represent potential causes for inflammation and immune dysregulation in the prostate (27) . Then, we considered prostate growth in subjects treated with testosterone replacement therapy.
A recent meta-analysis shows that neither short-nor long-term androgen replacement therapy increases the risk of prostate growth (28) . Interestingly, and supporting baseline data, in our study, we observed a statistically significant increase in prostate volume after treatment only in men with WC R94 cm. In this group, prostate volume was even significantly higher with respect to prostate volume in controls. Interestingly, untreated men with WC R94 cm also had an increase in prostate volume after 18 months of followup, but the increase was significantly lower with respect to treated men with WC R94 cm, suggesting that obesity per se is a risk factor for increase in prostate volume over time in KS patients and that testosterone treatment further amplifies this effect.
Several studies suggested that insulin resistance with secondary hyperinsulinemia is associated with prostatic enlargement (23) . Hyperinsulinemia in fact is associated with an increased sympathetic nervous system activity and might contribute to increased smooth muscle tone of the prostate (29, 30) . Furthermore, insulin has a structural similarity to insulin-like growth factor 1 and can bind its receptor, which might activate a complex pathway influencing prostate cell growth and proliferation.
Obesity seems to increase the risk for BPH. Dhale et al. (31) suggested that abdominal obesity and increasing serum insulin are associated with a higher risk of BPH. In a multicenter, cross-sectional, prospective study, it was reported that central obesity rather than overall obesity is a better predictor of lower urinary tract symptoms (30) . Also disturbance in glucose and lipid metabolism, an integral part of insulin resistance syndrome, might be one of the important risk factors in the pathogenesis of BPH (13, 32) . Hyperglycemia might play a role by increasing cytosolic-free calcium in smooth muscle cells and neural tissue, leading to sympathetic nervous system activation, whereas the precise role and relative influence of hyperlipidemia in the pathogenesis of BPH is not clear. A recent study on an experimental rat model showed that, despite a reduction in circulating testosterone, obesity and insulin-resistance increased cell proliferation and resulted in diffuse epithelial hyperplasia in rat prostate (33, 34) .
Previous studies have shown that the effect of testosterone substitution in hypogonadal men on the prostate gland is influenced by the (CAG)n polymorphism of the AR gene (17, 35) . Our data in KS do not confirm this result. Although further studies are necessary to clarify these aspects, it has to be noted that the effect of testosterone on prostate growth and the role of CAG repeat length in modulating the effects of testosterone in KS are still controversial (17, 19, 36) .
In conclusion, this study provides new insight into the relationship between WC and prostate volume, demonstrating that in KS, visceral obesity is associated with prostate volume and influences prostate growth during testosterone replacement therapy. These latter findings might provide the basis for a better management and follow-up of KS subjects.
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